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ABSTRACT

A comprehensive mathematical model is presented for
understanding the characteristics of a burning wvertical wall
immersed 1Iin a quiescent ambient atmosphere having a nonunifarm

vertical distribution of temperature and oxidizer mass fraction.
Such a stratified atmosphere occurs, for example, in the interior

of a room or aircraft cabin on fire. A set of partial
differential equations and suitable boundary conditiaons
deccribing a laminar flow of exothermically reacting species is
solved using the Keller Box finite difference scheme. Results of
burning rate and flow parameters (such as the maximum vertical
velocity, flame position, etc.) are presented for many different
cases of stratified atmosphere. A comparison of these results

with the results for the nonstratified atmosphere shows that the
predicated burning rate for a thermally stratified case behaves
like a linear combination of results for the corresponding
nonstratified cases; however , this does not hold for
compositionwise stratified atmosphere. The stratification has a
substantial nonlinear effect on the flow strucure in the wall
fire. Different possibilities for surface reradiation models are
also discussed.
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I. INTRODUCTION

Thip report summarizes the progress made during the period August 15,
1984 to August 14, 1985, on the project entitled, "A Model for Vertical
Wall Fire in a Stratified Atmosphere," under grant number 60NANB4D0OO3T.

The overall objective of this investigation is to achieve more
understanding of characteristics of a burning vertical wall immersed in a
stratified ambient atmosphere through mathematical modelling.

In a typical compartment fire, two clearly distinguishable layers
appear in the compartment interior in the form of hot, oxidizer-lean gases
on the top of fresh, cold incoming air. A relatively steep vertical
gradient of temperature and composition separates the two layers [1]. This
situation has been observed in room fires, corridor fires and aircraft
cabin fires [2-4]. A burning vertical wall can be strongly affected by the
stratification of the interior atmosphere because the wall fire flow is
usually a strongly buoyant, natural convection flow, and the buoyancy
itself depends on the difference between the temperatures of the ambient
atmosphere and the fire plume. Consequently the burning characteristics of
surrounding walls and the overall fire scenario are influenced by the
stratification inside the room.

There are several boundary layer models of vertical wall fire
available in the literature which deal with different aspects of the fire,
such as the radiation, flame spread, turbulence, chemical reaction rates,
etc. [5-11]. However, this is the first comprehensive mathematical model
for a natural convection vertical wall fire which takes into account the

effect of stratified ambient atmosphere.
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The specific objectives of this project were: (1) to develop a
boundary layer model of a vertical wall fire in a thermally and
compositionwise stratified ambient atmosphere; (2) to develop a computer
code to sglve the model numerically; (3) to obtain numerical results for
various types of atmospheric stratification; and (4) to compare the results
with nonstratified cases as well as any available pertinent experimental
data from the literature.

Following sections present details of the model, numerical solution
procedure, comparison of results, and conclusions.

A list of publications, supported by the grant and developed during

the past year on this project, is given below.

1. Kulkarni, A.K., H.R. Jacobs, and J.J. Hwang. Natural Convection Over
an Isothermal Vertical Surface Immersed in a Thermally Stratified

Fluid. Presented at the National Heat Transfer Conference, Denver,

€O, August 1985. Paper No. 85-HT-40. Submitted to the International

Journal for Heat and Mass Transfer.

2. Kulkarni, A.K., J.J. Hwang. Free Convection Vertical Wall Fire in
Various Types of Stratified Ambient Atmosphere. Accepted for

presentation at the AIAA 24th Aerospace Sciences Meeting, January

1986.

3. Kulkarni, A.K., J.J. Hwang. A Model for a Burning Vertical Wall in
the Stratified Atmosphere of a Compartment Fire. Presented at the

1985 Fall Technical Meeting, Eastern Section of the Combustion

Institute, November 1985.



II. THE MATHEMATICAL MODEL

2,1 Physical Description

The mathematical model attempts to simulate overall characteristics of
a burning vertical wall which is a part of a compartment as depicted in
Figure 1. The wall fire is assumed to be a buoyancy driven boundary layer
flow of chemically reacting gases. The energy released by chemical
reactions in the fire is partly convected to the wall, convected upward,
and radiated by the hot gases. At the wall, there is an energy balance of
convection from the boundary layer, conduction to the interior of the wall,
reradiation by the wall surface, radiation received from the gases, and
heat needed to pyrolyze the fuel in the wall. The gaseous fuel is then
convected and diffused in the boundary layer where it mixes with the
oxidizer from the atmosphere. The chemical reaction between the fuel and
oxidizer releases energy which makes the flow buoyant and thus the process
continues.

The presence of a nonuniform surrounding atmosphere adds complexities
to the problem. An opening in a compartment, such as a door, provides
fresh air from the bottom while the hot comtustion gases mixed with air
exit from the top of the opening. This creates stratification of the
compartment atmosphere in the form of hot and oxidizer-lean gases on the
top and cold, oxidizer-rich air in the lower portion., The stratification
affects the wall fire in mainly three ways. The upward buoyancy force,

which drives the natural convection boundary layer flow, depends on the



temperature of the ambient atmosphere,and the outer edge conditions for the

temperature and the gas composition are also altered,

™.2 Governing Equations and Boundary Conditions

The physical processes described above are cast into the following set
of governing equations and boundary conditions. Although most fires are
turbulent in nature, a laminar flow approximation is expected to reveal a
significant insight into basic mechanisms and interesting features of the
problem while allowing considerable ease in the numerical solution. The
flow is assumed to be steady with known conditions of stratification. The

conservation equations are:

Continuity: %E (pu) + %; (pv) =0 (1)
Momentum: pu %E + pv %% = %; (u %%] + g [pw - p) (2)
Energy: pu ;;I + pv ;;I = g; (pa ;;ZJ + Q;" + ﬁ%" (3)
Species: pu ;;l + pv ;;l = %; (pD ;;l] + m;" ; (4)

i = F(fuel), O(oxidizer)

The boundary conditions are:



At y =0 :u-=0, T =Ty (5)

Aty >®:u=0, Yp =0 (6)

Yo = Ygw(x); a prescribed function

T = Tw(x); a prescribed function

Mass transfer balance at the surface:

SYO
0 = (pv)w %D - (pD)w 3y (7)
L aYF
meFP = (pv)wYFP = (pv)wYF pD 3y
Heat transfer balance at the surface:

a T . n n n
k (&=) =mh_ +4 - g (8)
g Bygas W p R,w R,g

The buoyancy term is modeled using the ideal gas law. For combustion,
the thin flame sheet model is used [5] which assumes that the flame is
diffusion controlled, i.e., the rate of chemical reactions is infinite
compared to the diffusion of fuel and oxidizer species. This assumption is
quite accurate for the prediction of the mass burning rate and most other
parameters as long as the combustion conditions are not very close to the
extinction conditions, based on our prior experience [10]. The transport

coefficients pu, pk, and p2D are assumed to be constant. For the gas phase
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radiation loss, optically thin gas assumption is made which is quite
reasonable for a small, laminar fire. Even for somewhat larger fires, this
assumption will not affect the results critically, unless dﬁ' is
relatively large compared to other terms in the energy equation. Further,
the gas phase radiation is assumed to be equally split between the fraction
lost to the ambient atmosphere and the fraction incident upon the burning
wall. The reradiation from the burning wall surface to the ambient
atmosphere needs careful consideration because of the shape factor
determined by the ambient atmosphere (having nonconstant Tw(x)) with
respect to a given location on the burning wall, and it is discussed later.
The value of the heat of pyrolysis used here includes the energy loss in

the wall by conduction.

7.3 Transformation

The governing equations and boundary conditions were recast into a

nondimensional and incompressible form using the following transformation.

s = x/H (9)
- Y
nec x””JP——dy (10)
1 p
o r
5 1/4
where, C1 = (g/v r) (11)

8 =y - {ry -
00 = Y {tro Y (01 ] (12)



Ber = Yp + {[h-h (x)1/n | (13)

A stream function, ¥, is introduced in order to automatically satisfy the

continuit& equation.

B 3/4
po= 4 C, v, s f(s,n) (14)
~ 3/4
where, C2 = (C1H )/ 4 (15)
such that,
- L] - - v
pu = p. 3y and pv Pr 3% (16)
The governing equations then take the following form.
33f + 3¢ EEE -1 (§£)2 (Bf azf - éfﬁ of )
5 3 4 2 2 'on on anas 2 3s
" on 9 (17)
hc
B (8pr - Yp)
p
2
1 9 BFT .3 . BBFT ) a[ﬁf BBFT i BBFT §£]
Pr anz 4 an an 9s an as
Hs oaf rx aTm
+ =5 (O 5]
h 3dn p 9x
c
BKLO g 1720 90 (18)
+ [_] L
h g p



2
1 %P0 3, 8fro _ 2 BBFO_BBFOEJ
Sc 3 2 4 an an 9s an as
n
_ Hs 3t om (19)
v_ an ax
S
The boundary conditions are transformed as follows.
At n=0:
af
-0 . (20)
EP
Ber ~ Yp =5 (T,TD)
c
9B h Pr
FT 3 af _ __p 3 of
LR SC{II'f+S_5'§}{YF,P e h, {uf+aas}
1/4
Pr Hs b 4
o ==t eolr ' -1.")
c'r gvp
1/2 _ @ p
- & ( 3s ) {2 eKo J £ Tud f
oPr g Py p n
aB
FO 3 of -
an se { Ff+tsys } [YF,P Bro Yow/usI
At ne=o;
af
——--B = S -O (
21)
an FT FO



III. NUMERICAL SOLUTION

3.1 General Procedure

The éoverning equations presented above form a set of three partial
differential equations which gare nonlinear, third order, coupled, and
nonhomogeneous With nonconstant boundary conditions. In order to obtain a
numerical solution for this set, a modified Keller Box finite difference
method was used [12]. The equations were first transformed by defining

additional, dependent variables as follows.

U = 5?]- (22)
2

Vo= i’-—g (23)
an
9B

P = ET (24)
an
aB

R = —L0 (25)
an

After substituting the above variables in the governing equations, a
set of seven, first order, coupled, differential equations was obtained.
The equations were then c%&erted into finite difference form. Equations
[22-25] were written for the nodes (n, j-1/2), and the remaining governing
equations were written for the nodes (n-1/2, j-1/2), using a central
difference scheme. (Refer to Figure 2). Here, all the variables at

(n-1)st step were known; at the nth step, they were unknown. Nonlinear

terms were quasilinearized based on the first two terms in Taylor's series.
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Further solution involved setting up a corresponding coefficient matrix for
the seven equations and the boundary conditions for the linearized system
of equations. The coefficient matrix was composed of blocks of seven
coefficients each. This matrix, along with the matrix for nonhomogeneous

terms, were then solved using the block-tridiagonal-elimination method.

Reasons for adopting the Keller Box method were:

a) Second order accuracy with arbitrary (nonuniform) spacing in
x and y directions

b) Capability of handling rapid x variation , which is expected
due to an abrupt change in the ambient temperature caused by hot
and cold layers

¢) Easy programming of a large number of coupled equations.

3.2 Computer Program Checks

Before embarking on the task of solving the seventh order mathematical
model, we solved two similar but simpler models using the same method.
These models were intended to familiarize us with the Keller Box method and
to help us look for difficult spots in the more complex seventh order

problem; they were described in our second quarterly progress report.

In order to verify the accuracy of the final computer code, three
major checks were made: (a) numerical errors in balancing various terms in
the equations; (b) comparison of results with known calculations available

in the literature for nonstratified fgnditions; and (e¢) an extreme



condition for a stratified case for which the solution is intuitively

obvious. They are described in the following.

The equations were solved progressively from the leading edge to the
top of thé wall at preselected values of x/H. After the equations were
solved at any particular height, some arbitrary points in the boundary
layer were selected at that height and the balance of mass, momentum, and
energy was checked. The relative magnitude of the residue (i.e. the left
hand side minus the right hand side of a finite difference equation divided
by the largest term) is plotted in Figure 3a as a function of the
normalized height for three governing equations of BpT, Bpp and f. The
maximum error or imbalance among all the equations is less than 0.4%.
Corrections in boundary conditions as a function of the iteration count are
shown in Figure 3b at three different heights. It was found that after 3
to 4 iterations the corrections were down to practically zero. These and
other numerical error checks confirmed the accuracy of the numerical

scheme.

Figure 4 shows comparison of our numerical solution with finite
difference solution of Sibulkin, et al. [7] and integral solution of Kim,
et al. [5]. It may be noted that the ordinate scale is amplified for an
easy comparison. The figure shows the variation of burning rate of a
vertical plate of Polymethylmethacrylate (PMMA) under nonstratified
conditions with ambient temperatures of 25°C and 200°C (constant with

respect to height). The differences between our solution and those of

References 5 and 7 are very small.
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In the third set of computer program checks, results

three cases: Twe(x) = 259C; Tw(x) = 2009C; and with Te(x)

were obtained for

nonconstant

(stratified case) as shown in Figure 5. In the stratified case, the

To(x) was held constant (259C) for x/H from 0.0 to 0.00067

, linear from

250C to 2000C for x/H from 0.00067 to 0.0067, and then constant at 200°C

up to x/H equal to 1.0. This means that the ambient tempe
perturbed very close to the leading edge. The calculated
burning rate started out at that for 25°0C, then it was per
it reached a constant value, same as that for the To=200°C

almost all of the wall is immersed in an atmosphere with T

rature was
dimensionless
turbed, but soon
case. Since

«=200°C, except

for 0<x/H<0.0067, the burning rate is expected to approach to that for the

isothermal atmosphere case. In other words, a disturbance
edge is expected to smooth out as the boundary layer Brows
indeed predicts this behavior.

The above three types of checks gave us confidence in
of the computer code for predicting behavior of a wall fir

medium.

12
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IV. RESULTS AND DISCUSSION

4.1 General

Results were obtained for several types of stratified cases with both
Tw(x) and Ygw(x) varying. Properties of polymethylmethacrylate
were used for the solid fuel wall characteristics. The wall temperature
was assumed to be constant at 660 K and the total wall height was fixed at
15 cm for calculation purposes. Table 1 shows constants used in the
computer program. Results are presented in four major sections (i) a
typical (base) case of thermal stratification; (ii) various other types of
thermal stratification, (iii) stratification in oxidizer mass fraction and

(iv) surface reradiation models.

4,2 A Base Case for Thermal Stratification

A typical profile of the ambient atmosphere temperature in a
compartment fire was first selected as the base case as shown in Figure 6.
This stratification model was derived based on measured data in a room fire
experiment with certain openings [13]. The temperature To(x) is assumed
to be constant at 259C for the first 40% of the total wall height. Then it
linearly increases to 60% of the height, and then it remains constant at
200°C to the top of the wall. The ambient oxidizer mass fraction, Yow,
is assumed to remain constant throughout at 0.233. The base case is
compared with two other nonstratified cases, one with Te(x)=250¢
(constant from x=0 to H) and other with Tw(x)=200°C (constant from x=0 to
H).

13



Figure 7 shows the dimensionless maximum upward velocity in the fire
(Upax//8%) as a function of the normalized height for the stratified and
nonstratified cases. The velocity for the stratified case is initially the
same as t%at for Te=259C case as expected, then it gradually slows down
toward the value for T»=200°C case. It never reaches to that of the
T»=200°C case, probably because of the high momentum of gases in the
lower portion of the boundary layer. The broken line shows the predicted
variation of velocity between 0.4<x/H<0.6 assuming a2 linear superposition
of results from the Tw=25°C and Te=200°C (nonstratified) cases. It is
clearly seen that we cannot simply superpose results for Te=constant
cases to derive results for the stratified case. The dimensionless shear
stress and the convective heat flux to the wall shown in Figures 8 and 9
behave in a similar manner. The flame sheet moves away from the wall in
the stratified case with increasing height because of the increasing
Tw(x), as seen in Figure 10. It too remains well within the two limiting
cases of nonstratified atmosphere and carries with it the effect of the

lower Ty in the bottom layer into the top layer having a higher Ta.

Figure 11 shows the variation of the dimensionless burning rate
(proportional to m"x1/4) as a function of the height for the three cases of
ambient temperature variation. The burning rate for the stratified case
shoots above that of the Te=200°C case for a short distance and then
slowly drops down., The overshoot is probably caused by the particular
boundary reradiation model used here; this point will be dliscussedin detail
later, In general, burning characteristics of the wall are expected to be

influenced by the upward momentum of the boundary layer gases, the flame

14



temperature, the flame sheet distance from the wall, and the radiation loss
from the boundary layer; all of which are affected due to the
stratification. Variation of the dimensional burning rate is shown in
Figure 12. Considering the highly expanded scale of the ordinate in Figure
11, and f;om the results in Figure 12, we conclude that the burning rate
prediction is not far from that obtained by assuming linear superposition
of the nonstratified cases (shown by broken line). Later, it will be
evident that the linear superposition is a reasonably good approximation
for the burning rate in the case of the thermal stratification only, not

for the oxidizer concentration stratification.

Figures 13 and 14 show isothermal contours and streamlines,
respecﬁively, for the present case of stratification. The isotherms
clearly show the effect of the ambient temperature stratification on the
temperature distribution inside the boundary layer. A careful examination
of streamlines in Figure 14 reveals a slight bulging of the boundary layer
as it enters the upper, higher T, region. It must be noted here that
the boundary layer assumption in the governing equations is not quite valid
in the outer region of the boundary layer near the interface of the upper
and lower layers where there are non—-negligible gradients in streamwise
direction. However, this region is relatively small with respect to the

remaining flow domain and is not likely to affect the overall

characteristics of the burning wall very significantly.

4,3 Other Types of Thermal Stratification

15



In addition to the base case stratification discussed above, two other
types of thermal stratification were considered and their results were
compared to the base case. As shown in Figure 15, we consider a "step"
stratification where the two layers are separated by a very steep
temperature gradient at the middle height of the wall, and a linear
stratification where Te(x) varies continuously from the bottom to the

top of the wall.

Figures 16-19 show the maximum vertical velocity in the boundary
layer, the shear stress, the convective heat transfer to the wall, and the
flame position (all dimensionless) as a function of the height for the
three cases. A linear superposition of results from nonstratified cases of
Te=25°C and T»=200°C (not shown here) would be a reasonable
approximation for the linear stratification, but not for the step
stratification. When the base case is compared with the step
stratification it is clear that the effects of specific variation of
To(x) are carried for a short distance and then diminish downstream.
Again, it must be noted that particularly for the step stratification, the
boundary layer assumption is not quite valid at the height where there is
the sharp gradient in Te(x). However, this is restricted to a small
region and its influence is expected to reduce rapidly as the flow

continues downstream.

Variation of the dimensioconal burning rate with height is shown in
Figure 20. Again the sharp rise and overshoot for the step stratification
case is, we feel, due to the specific surface radiation model used; it is

discussed further in section 4.5. In general, the burning rate for
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the continuous stratification and the step stratification behaves like a
linear combination of nonstratified cases, except for a local overshoot

when there is a sudden change in Te(x).

4,4 Effect of Ambient Oxidizer Mass Fraction Varying With Height

Results for three cases are presented: Ype constant at 0.233; Ype
constant at 0.200; and , Ype(x) linearly decreasing from 0.233 at x/H=0.4
to 0.200 at x/H=0.6 and constant otherwise (see Figure 21), 1In all three
cases a Te(x) variation same as the base case (shown in Figure 6) was
assumed and hence the first of the three cases is identical to the base

case discussed in section 4.2.

Figures 22-25 show variation of the maximum vertical velocity, wall
shear stress, convective heat flux, and flame position with respect to the
height. Results for the stratified case are relatively closer to the
Yoo=0.233 (constant) case than the Yye=0.200 (constant) case for all
the parameters except for the convective heat transfer. This indicates
that the upstream effect is very strong on the distribution of the oxidizer
mass fraction inside the boundary layer. In general, it is concluded that
a simple superposition of results for the nonstratified cases
(compositionwise) is not sufficient to predict the results for the

stratified case.

The dimensional burning rate and the flame temperature results are
shown in Figures 26 and 27. Once again we confirm that in the case of

the oxidizer mass fraction stratification, a linear combination of
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results from nonstratified cases does not make accurate predictions. Thus
the behavior of the wall fire for the thermally stratified case

substantially differs from the compositionwise stratified case.

4.5 Surface Reradiation Models

In all the results presented so far, it was assumed that the radiation

heat loss by the (isothermal) burning wall was given by:

." u

=g 0 {Tw - Tmu(x)]

When there is a sudden change in To(x), this model causes a sudden
change in the burning rate as seen in Figure 20. Note that Ty is always
held constant. 1In reality the wall would loose energy by radiation to both
the upper and lower layers at every location and the relative magnitude of
the energy loss to each layer would depend on the nature of the ambient
atmosphere (assuming that the flame thickness is small and it remains
optically thin). Therefore, in addition to the above model two other
models were considered: the wall radiates equally to the upper layer and
the lower layer at every location (Model B); and the radiation loss
increases continuously and linearly from the bottom to the top (Model C).
The thermal stratification was the same as that used in the base case

(Figure 6). Specifically the boundary radiation models are expressed as:

wodel A gr = e o (1) - 1 () (26)

18
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L 4 4 y b
Model B: Qg w = 0.5 € ¢ (Tw - T, (0)) + 0.5 € ¢ (Tw - T (H))
' (27)
Model C: dpy=(1-g)eo (Twu -1 %00 + Zeo {TWLi - 1_tm)
’ (28)

Figure 28 shows the dimensional burning rate variation with the height
using the three models. The sharp variation of burning rate using model A
is not evident in the results using models B and C. For models A and C the
burning rates at x/H=0 and x/H=1 are almost the same. This is expected
because the surface radiation loss at these two extreme positions is the
same for the two models. For model B, the surface radiation loss is
constant irrespective of the stratification and therefore it is higher at
x/H=0 and lower at x/H=1 compared to the other two models, as expected.
Figure 29 shows variation of the dimensionless maximum upward velocity with
height using the three models and for two nonstratified cases To=25°C and
T»=200°C. The models do not seem to affect the maximum velocity
significantly. We are continuing to explore these and other surface

reradiation models to determine which of these is the most appropriate one.
V. SUMMARY AND CONCLUSIONS

A comprehensive mathematical model has been developed for studying
characteristics of a burning vertical wall immersed ing stratified ambient
atmosphere. The important features of the model are: (a) buoyancy term
dependent on the prescribed Te(x); (b) boundary condiéﬁs keyed to he
prescribed Tw(x) and Ypw(x); and (c) the incluson of surface and flame

are
radiation. The governing equationsﬁ s30lved using Keller Box finite
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difference method andresultsare presented for several cases of

stratification. Major conclusions of this study are as follows.

1. Flow characteristics (for example, the maximum upward velocity) are
significantly affected by the stratification and they differ
substantially from the results obtained bﬂa simple linear combination

of resultsfor the nonstratified cases.

2. Burning rate resultsfor thermally stratified cases are reascenably
close to the linear superposition of results for nonstratified cases;
this does not hold true for stratifed atmosphere with a nonuniform

ambient oxidizer mass fraction.

%. Surface reradiation models should be checked carefully for predicting the

burning rate of a burning wall in a stratified atmosphere.
We wish to gratefully aknowledge the support of the Center for Fire
Research, National Bureau of Standards, through Grant No. 60NANB4DOO37 for

conducting this work.

Table 1 - Constants used in calculations

Ep = 1.3 kJ/kg K
he = 26560 kJ/kg
Rp = 1590 kd/kg
Pr = 0.7

Sc = 0.7

20



Vs

Ppr

(2]

C1,C2

660 K

1.0

0.9

59.55x1070 m2/s
1.918

0.5235 kg/m3

Nomenclature
e ldiure

mean specific heat

constants, Egs. (11) and (15)
binary mass diffusivity
dimensionless stream function,
Eq. (14)

acceleration due to gravity
height of wall

heat of combustion

heat of pyrolysis

thermal enthalpy

thermal conductivity

Planck mean absorption coefficient

volumetric mass generation rate
defined variable, Eq. (24)

Prandtl number

gas radiation to the wall
21



Vg

surface radiation loss

volumetric heat generation

volumetric gas radiation loss
defined variable, Eq. (25)
dimensionless height, Eq. (9)
Schmidt number

Temperature

defined variable, Eq. (22)
defined variable, Eq. (23)
veloclity parallel to wall
velocity normal to wall
distance along wall

distance normal to wall

species mass fraction

fuel mass fraction at solid wall

thermal diffusivity
transformed variable, Eq. (12)
transformed variable, Eq. (13)

wall emissivity

dimensionless distance, Eq. (10)

dynamic viscosity
kinematic viscosity
stoichiometric coefficient

density

22



- stream function

- Stephan-Boltzmann constant

Subscripts

- fuel

- gas phase
=~ oxygen

- reference
- wall

- ambient atmosphere
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Figure 1 ; A schematic of a vertical wall
fire in a stably stratified atmosphere of
a compartment with an open door.
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Figure 4 : Comparison of present resluts with
some available results in the literature for
ambient atmosphere having a uniform temperature.
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Figure 5 : Comparison of results for two cases
of constant T, and one case of stratified
atmosphere with T, (x) varying very close to
the leading edge only.
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Figure 6 : A typical case of thermal
stratification (the base case) is shown
(=) along with two cases of nonstratified
atmosphege 2 T = 25°%¢ (—%—) and

Tm = 200°C (—a—).
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Figure 7 : Dimensionless maximum upward velocity
against normalized height for the base case of
stratified atmosphere and two other nonstratified
cases.
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Figure 8 : Dimensionless wall shear against
normalized height for the base case of stratified
atmosphere and two other nonstratified cases.
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Figure 9 ; Dimensionless convective heat transfer

to the wall against normalized height for the
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nonstratified cases.
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Figure 10 : Dimensionless flame stand-off distance
against normalized height for the base case of
stratified atmosphere and two other nonstratified
cases.,
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Figure 11 : Dimensionless burning rate against
normalized height for the base case of stratified
atmosphere and two other nonstratified cases.
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Figure 12 : Dimensional burning rate against
distance from leading edge for the base case of
stratified atmosphere and two other nonstratified
cases.
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Figure 13 : Isothermal contours for the base case
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Figure 14 : Streamlines for the base case of
stratified atmosphere ; values of y are specified.
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Figure 15: The base case (=—) and two
other cases of thermal stratification
studied here are shown; step (—4—) and
linear (—%—) stratification.
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Figure 17 : Dimensionless wall shear against
normalized height for three cases of
stratification.
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Figure 18 : Dimensionless convective heat transfer
to the wall against normalized height for three
cases of stratification.
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Figure 19 : Dimensionless flame stand-off distance
against normalized height for three cases of
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Figure 20 : Dimensional burning rate against
distance from leading edge for three cases of
stratification.
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Figure 24 : Dimensionless convective heat transfer
to the wall against normalized height for the
three cases indicated. (In all the cases shown,
base thermal stratification isnrasent. )
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Figure 27 : Flame temperature against normalized
height for the three cases indicated. (In all the
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Figure 28 : Burning rate results using three
different radiation models,
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